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91. Introduction
Low-dimensional materials, especially transition metal dichalcogenide (TMD), have attracted 
significant interest these days. The composition of TMD materials is MX2, where M is transition metal 
such as Mo and X is chalcogenide molecule such as S. The TMD materials can have two different
phases, 2H and 1T, as the stacking positions of chalcogenide molecules. 2H and 1T phase of TMD have 
trigonal prismatic point group symmetry (D3h) and octahedral point group symmetry (Oh), respectively. 
Because of these differences of symmetry and the d-orbital splitting of transition metal, TMD materials 
can show various physical properties such as semiconductor, metal, paramagnetic, antiferromagnetic, 
and so on.1,2
Monolayer MoS2, one of TMD materials, also shows different physical features as the phases. The 2H 
phase of MoS2 is a semiconductor with direct band gap about 2.4 eV, and the 1T phase of MoS2 has 
meta-stable metallic phase. The 2H phase of MoS2 has been studied as a hydrogen evolution reaction 
(HER) catalyst because of its photovoltaic and photo-catalytic features.3 On the other hand, the 1T phase 
of MoS2 has been investigated in the perspective of nanoscale electronic device, such as ultrathin 
transistor and supercapacitor electrode component.4,5,6
When one electron is injected into the 2H phase of MoS2, the occupation of E’ state of D3h point group 
is increased. This change of occupation is energetically unstable comparing with the half-filled T2g level 
of Oh point group. Thus, the phase transition from the 2H phase to 1T phase can occur. Experimentally, 
Yimin Kang et al. have investigated the phase transition by using the plasmonic hot electron from the 
deposited Ag nanoparticle on the MoS2 monolayer.7 Also, M. A. Py et al. have studied the lithium 
intercalation method in layered MoS2 and its phase transition.8 Goki Eda et al. have observed the 
structure of mixed phase of MoS2 by measuring adsorption spectra during lithium intercalation process.9
They observed the 2H-1T heterophase structure by using high resolution scanning transmission electron
microscopy (HR-STEM), and Yung-Chang Lin et al. have investigated the atomic mechanism of this 
phase transition phenomena.10,11 Theoretically, Xiaoyan Guo et al. have calculated the electronic 
properties, especially density of state, of the interface of MoS2 2H-1T heterophase.12 However, the detail 
researches about 2H-1T heterophase such as boundary structure, electron dynamics, and electron 
transfer between 2H and 1T phase are still unclear.
In this study, we investigated geometric and electronic structure of the MoS2 heterophase. We found 
that two different types of phase boundary lead to difference in the band alignments at MoS2 phase 
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boundaries. As a consequence, the excited electrons in the 2H phase region are transferred and 
accumulated in the 1T phase region, leading to the charging of the 1T phase region. We performed the 
real-time time dependent density functional theory (rt-TDDFT) calculation for this electron dynamics. 
We found that, as the 1T phase is charged, the activation barrier of dissociative adsorption of oxygen 
molecule on the planar surface of 1T phase is decreased. In the acidic condition, the oxygen reduction 
reaction (ORR) energy profile on the charged 1T phase region shows similar electrochemical properties 
with that on the platinum (100) surface. We suggest that the MoS2 heterophase can serve as the novel 
low-dimensional ORR photo-catalyst. 
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2. Computation Details
A. Electronic and geometric structure
To perform the first-principle calculations, we used the Vienna Ab initio Simulation Package 
(VASP) source code. For the exchange-correlation potential, a plane-wave basis set with an 
energy cutoff of 450 eV and the Perdew-Burke-Ernzerhof (PBE) type gradient-correlated 
functional were employed. The atomic pseudopotentials were described with the Projector 
Augmented Wave (PAW) method, as provided with the aforementioned package. The 
heterophase structure was composed with 1x12 rectangular cell of 2H phase and that of 1T 
phase. The x-direction lattice mismatch between 2H and 1T phase was 0.2%, thus we attached 
the two rectangular cells along the y-direction. The k-point grids for the heterophase structure 
were sampled 1x20x1 by using the scheme of the Monkhorst-Pack.
B. Activation energy
The 4x4 1T phase hexagonal supercell with 3x3x1 k-point grids sampling by using the same 
scheme was employed to investigate the activation barrier of dissociative adsorption of oxygen 
molecule as the charge accumulation in 1T phase. The nudged elastic band (NEB) method was 
used to calculate the activation barriers. 
C. Oxygen reduction reaction
We assume that H+ + e- is in equilibrium with 
 
 
H2, at pH 0 and 0V versus the standard hydrogen 
electrode (SHE). The free energy of water in the liquid phase was estimated as,
    ( ) =     ( ) +    ln(
 
  
)
Where R is the gas constant, T=300K, p=0.035 bar, and p0=1bar. The free energy of the H+ ion 
was derived as
   (  ) =
1
2
   ( ) −    ln 10 × pH
In the acidic condition, O2 is reduced as O2 + 4H+ + 4e- → 2H2O, where the elementary reaction 
steps on the catalytic surface are
1. O ( ) + 4H
 (  ) + 4   + 2 ∗ → 2O∗ + 4H (  ) + 4  
2. 2O∗ + 4H (  ) + 4   → O∗ +OH∗ + 3H (  ) + 3  
3. O∗ +OH∗ + 3H (  ) + 3   → O∗ +H O( ) + 2H
 (  ) + 2  
4. O∗ +H O( ) + 2H
 (  ) + 2   → OH∗ +H O( ) + H
 (  ) +   
5. OH∗ +H O(l) + H
 (  ) +    → 2H O( )
Where * denotes the free surface, and H2O(l) indicates liquid water. 
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3. Result
3.1 Geometric & Electronic Structure
The super-cell what we calculated is consisting of 1x12x1 rectangular cell of 2H and 1T structures. 
We arranged the rectangular 2H and 1T phase along the y-axis like Figure-1(a), and the lattice mismatch 
between 2H and 1T phase is 0.42%. The Oh point group, Mo point group of 1T phase, has inversion 
symmetry while D3h point group, Mo point group of 2H phase, does not. For that reason, there are two 
different types of boundary, 5-fold and 7-fold coordination number (CN) of transition metal, when the 
2H-1T heterophase is formed. Geometrically, the steric effect of 7-fold CN of transition metal is 
increased because the basal CN of transition metal of TMD materials is 6-fold. In Figure-1(b), therefore, 
the 7-fold CN boundary has ripple while 5-fold CN boundary is flat.
This change of geometry influences in the electronic structures of the boundaries. When the CN of 
transition metal is increased from 6-fold to 7-fold, the added chalcogen atom, sulfur for MoS2 case, 
increases the oxidation number of transition metal. Thus, the transition metal at the 7-fold CN boundary 
has more state above the fermi level. On the other hand, the transition metal at the 5-fold CN boundary 
has less state above the fermi level because the oxidation number of 5-fold CN of transition metal is 
decreased. For that reason, the electron can be transferred from 7-fold CN boundary to 5-fold CN 
boundary. 
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3.2Excited electron dynamics
We calculated the electron dynamics when photo-excitation occurs at the 2H phase region of
aforementioned 2H-1T heterophase structure by using real-time time dependent density functional 
theory (rt-TDDFT). To decrease the calculating cost for rt-TDDFT calculation, we truncated the 2H-1T 
heterophase structure in half along the y-axis, so the calculated structure is consisting on the 1x6x1 2H
phase and 1x6x1 1T phase. As depicted in the Figure 3, we excite an electron pair from the valance 
band maximum (VBM) to the conduction band minimum (CBM). 
As the schematic configuration in Figure-4(a), the excited electron pair at the 2H phase region is 
transferred to 1T phase region by passing through the 7-fold CN boundary. Thus, we integrated the 
charge density at the only 1T phase region by using the following equation,
            ( ) = ∫  ( ,  )  
          
         
,
and the transferred charge versus time is plotted in Figure-4(b). The charge density at 1T phase region 
is increased because the excited charge flows into the 1T phase region via 7-fold CN boundary. As time 
goes by, the amount of transferred charge has been increased until the excited carrier reaching to the 5-
fold CN boundary. After the excited electron passing the 5-fold CN boundary, the amount of transferred 
charge starts to be decreased. Thus, the retention time for the excited charge staying in the 1T phase 
region is determined by the size of 1T phase region. For the calculated structure, the 0.4 electrons 
transferred to 1x6x1 1T phase region, therefore, the  0.067                      
   is transferred 
from 2H phase region to 1T phase region when the electron pair is excited from the 2H phase VBM.
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3.3Application for oxygen reduction reaction
Aforementioned phenomena represent that the 1T phase region is instantaneously charged when the 
exciton is generated at the 2H phase region. The charged surface can be utilized for various fields, and 
the application as the catalyst for oxygen reduction reaction (ORR) is one of them. Several researches 
have been reported that the charged system or electron applied system such as nitrogen doped graphene 
or Cabrera-Mott model insulator improve the ORR properties.13,14 We have studied the ORR properties
of the charged 1T phase based on these researches by using DFT calculation.
As described schematic configuration in Figure-5, we calculated the binding energy of oxygen 
molecule on the 3x3x1 rectangular 1T phase supercell. The oxygen molecule is dissociated and 
adsorbed on the sulfur atom of 1T phase MoS2, and the binding energy is 0.723eV by following 
equation,
         =
 
 
          − {      +    } .
The oxygen molecule should be dissociative adsorbed on the 1T phase MoS2 thermodynamically, 
however that phenomena does not be happened in real. Thus, we calculated the activation energy for 
dissociative adsorption (      ) by using the nudged elastic band (NEB) method as implemented with 
the VASP code, and considered the kinetical component based on the Arrhenius type reaction rate. 
As depicted in Figure-6, the        on the basal 1T phase is about 2.5eV, and it is extremely high 
barrier comparing with Boltzmann factor at room temperature, about 0.026eV. However,         is 
decreased dramatically when the ORR system is charged. Especially, the        is decreased to 0.05eV 
when 0.067                      
   , the result of our rt-TDDFT calculation, is charged at the 1T 
phase.
Also, we calculated the Bader charge analysis to study the reason why          is dramatically 
decreased as the additional charge. As the Table-1 shown, the charge at molybdenum atom is not 
changed when the excess charge is injected. The charge at sulfur atom, however, is increased as same 
amount of the excess charge. The charge at molybdenum atom is still not changed when oxygen 
molecule is adsorbed while the charge at sulfur atom is decreased. That is, the excess charge deposits 
in only sulfur atom, the outer layer of MoS2, and that charge transfers to oxygen molecule for 
dissociative adsorption. Therefore, the electron affinity of oxygen molecule helps to decrease       
by being dragged to the charged surface of MoS2.
Herein, we utilize the dissociative adsorbed oxygen molecule on the 1T phase MoS2 as following steps 
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for 4-electron the ORR mechanism. 
O  + 4H
  + 4   → 2O∗ + 4H  +   
2O∗ + 4H  + 4e  → O∗ +HO∗ + 3H  + 3e 
O∗ + HO∗ + 3H  + 3e  → O∗ +H O + 2H
  + 2e 
O∗ + H O+ 2H
  + 2e  → HO∗ + H O+ H
  + e 
HO∗ +H O + H
  + e  → 2H O
Based on the standard hydrogen electrode, the potential for oxygen molecule reduction, O  + 4H
  →
2H O, is 1.23V when the potential for protonation of hydrogen molecule is 0V. In the Figure-7, the 
free-energy diagram by calculating the potentials for each electron transfer step based on the free-energy 
calculation method of Norskov et al. shows that the potential profile has downhill until overpotential, 
μ, is 0.54V, and after that the potential profile has uphill.15 That is, the current has not been changed 
until the bias potential reaching from 0V to 0.54V. But after the μ over the 0.54V, the current is 
decreased because of uphill at the free-energy diagram following the Butler-Volmer equation,
   =    
(      ).   
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4. Conclusion
The 2H-1T heterophase can has two-type boundaries as the CN of transition metal at the 
boundary. The CN of transition metal can influence in the geometric and electronic structure 
of that heterophase, and it decides the direction of electron transfer from 2H phase to 1T phase.
The amount of transferred electron is 0.067                      
  and it’s enough to attract 
oxygen molecule onto the 1T phase of MoS2 with extremely decreased adsorption activation 
energy. The dissociative adsorption of oxygen molecule is rate determine step (RDS) for ORR 
mechanism, and this photovoltaic effect at 2H phase of MoS2 supports to improve the ORR 
properties on the 1T phase of MoS2. Our results of free-energy diagram shows that the 
maximum overpotential where the proton transfer step is down-hill in energy is 0.54V. 
Experimentally, the ORR property, especially i-v curve data, on Pt (100) surface shows similar 
result with ours.16 From our simulation results, the electron transfer from 2H, the 
semiconductor phase, to 1T, the metallic phase, by photovoltaic effect can improve the ORR 
property and it be utilized as the photo-catalyst for ORR. 
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91. Introduction
Low-dimensional materials, especially transition metal dichalcogenide (TMD), have attracted 
significant interest these days. The composition of TMD materials is MX2, where M is transition metal 
such as Mo and X is chalcogenide molecule such as S. The TMD materials can have two different
phases, 2H and 1T, as the stacking positions of chalcogenide molecules. 2H and 1T phase of TMD have 
trigonal prismatic point group symmetry (D3h) and octahedral point group symmetry (Oh), respectively. 
Because of these differences of symmetry and the d-orbital splitting of transition metal, TMD materials 
can show various physical properties such as semiconductor, metal, paramagnetic, antiferromagnetic, 
and so on.1,2
Monolayer MoS2, one of TMD materials, also shows different physical features as the phases. The 2H 
phase of MoS2 is a semiconductor with direct band gap about 2.4 eV, and the 1T phase of MoS2 has 
meta-stable metallic phase. The 2H phase of MoS2 has been studied as a hydrogen evolution reaction 
(HER) catalyst because of its photovoltaic and photo-catalytic features.3 On the other hand, the 1T phase 
of MoS2 has been investigated in the perspective of nanoscale electronic device, such as ultrathin 
transistor and supercapacitor electrode component.4,5,6
When one electron is injected into the 2H phase of MoS2, the occupation of E’ state of D3h point group 
is increased. This change of occupation is energetically unstable comparing with the half-filled T2g level 
of Oh point group. Thus, the phase transition from the 2H phase to 1T phase can occur. Experimentally, 
Yimin Kang et al. have investigated the phase transition by using the plasmonic hot electron from the 
deposited Ag nanoparticle on the MoS2 monolayer.7 Also, M. A. Py et al. have studied the lithium 
intercalation method in layered MoS2 and its phase transition.8 Goki Eda et al. have observed the 
structure of mixed phase of MoS2 by measuring adsorption spectra during lithium intercalation process.9
They observed the 2H-1T heterophase structure by using high resolution scanning transmission electron
microscopy (HR-STEM), and Yung-Chang Lin et al. have investigated the atomic mechanism of this 
phase transition phenomena.10,11 Theoretically, Xiaoyan Guo et al. have calculated the electronic 
properties, especially density of state, of the interface of MoS2 2H-1T heterophase.12 However, the detail 
researches about 2H-1T heterophase such as boundary structure, electron dynamics, and electron 
transfer between 2H and 1T phase are still unclear.
In this study, we investigated geometric and electronic structure of the MoS2 heterophase. We found 
that two different types of phase boundary lead to difference in the band alignments at MoS2 phase 
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boundaries. As a consequence, the excited electrons in the 2H phase region are transferred and 
accumulated in the 1T phase region, leading to the charging of the 1T phase region. We performed the 
real-time time dependent density functional theory (rt-TDDFT) calculation for this electron dynamics. 
We found that, as the 1T phase is charged, the activation barrier of dissociative adsorption of oxygen 
molecule on the planar surface of 1T phase is decreased. In the acidic condition, the oxygen reduction 
reaction (ORR) energy profile on the charged 1T phase region shows similar electrochemical properties 
with that on the platinum (100) surface. We suggest that the MoS2 heterophase can serve as the novel 
low-dimensional ORR photo-catalyst. 
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2. Computation Details
A. Electronic and geometric structure
To perform the first-principle calculations, we used the Vienna Ab initio Simulation Package 
(VASP) source code. For the exchange-correlation potential, a plane-wave basis set with an 
energy cutoff of 450 eV and the Perdew-Burke-Ernzerhof (PBE) type gradient-correlated 
functional were employed. The atomic pseudopotentials were described with the Projector 
Augmented Wave (PAW) method, as provided with the aforementioned package. The 
heterophase structure was composed with 1x12 rectangular cell of 2H phase and that of 1T 
phase. The x-direction lattice mismatch between 2H and 1T phase was 0.2%, thus we attached 
the two rectangular cells along the y-direction. The k-point grids for the heterophase structure 
were sampled 1x20x1 by using the scheme of the Monkhorst-Pack.
B. Activation energy
The 4x4 1T phase hexagonal supercell with 3x3x1 k-point grids sampling by using the same 
scheme was employed to investigate the activation barrier of dissociative adsorption of oxygen 
molecule as the charge accumulation in 1T phase. The nudged elastic band (NEB) method was 
used to calculate the activation barriers. 
C. Oxygen reduction reaction
We assume that H+ + e- is in equilibrium with 
 
 
H2, at pH 0 and 0V versus the standard hydrogen 
electrode (SHE). The free energy of water in the liquid phase was estimated as,
    ( ) =     ( ) +    ln(
 
  
)
Where R is the gas constant, T=300K, p=0.035 bar, and p0=1bar. The free energy of the H+ ion 
was derived as
   (  ) =
1
2
   ( ) −    ln 10 × pH
In the acidic condition, O2 is reduced as O2 + 4H+ + 4e- → 2H2O, where the elementary reaction 
steps on the catalytic surface are
1. O ( ) + 4H
 (  ) + 4   + 2 ∗ → 2O∗ + 4H (  ) + 4  
2. 2O∗ + 4H (  ) + 4   → O∗ +OH∗ + 3H (  ) + 3  
3. O∗ +OH∗ + 3H (  ) + 3   → O∗ +H O( ) + 2H
 (  ) + 2  
4. O∗ +H O( ) + 2H
 (  ) + 2   → OH∗ +H O( ) + H
 (  ) +   
5. OH∗ +H O(l) + H
 (  ) +    → 2H O( )
Where * denotes the free surface, and H2O(l) indicates liquid water. 
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3. Result
3.1 Geometric & Electronic Structure
The super-cell what we calculated is consisting of 1x12x1 rectangular cell of 2H and 1T structures. 
We arranged the rectangular 2H and 1T phase along the y-axis like Figure-1(a), and the lattice mismatch 
between 2H and 1T phase is 0.42%. The Oh point group, Mo point group of 1T phase, has inversion 
symmetry while D3h point group, Mo point group of 2H phase, does not. For that reason, there are two 
different types of boundary, 5-fold and 7-fold coordination number (CN) of transition metal, when the 
2H-1T heterophase is formed. Geometrically, the steric effect of 7-fold CN of transition metal is 
increased because the basal CN of transition metal of TMD materials is 6-fold. In Figure-1(b), therefore, 
the 7-fold CN boundary has ripple while 5-fold CN boundary is flat.
This change of geometry influences in the electronic structures of the boundaries. When the CN of 
transition metal is increased from 6-fold to 7-fold, the added chalcogen atom, sulfur for MoS2 case, 
increases the oxidation number of transition metal. Thus, the transition metal at the 7-fold CN boundary 
has more state above the fermi level. On the other hand, the transition metal at the 5-fold CN boundary 
has less state above the fermi level because the oxidation number of 5-fold CN of transition metal is 
decreased. For that reason, the electron can be transferred from 7-fold CN boundary to 5-fold CN 
boundary. 
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3.2Excited electron dynamics
We calculated the electron dynamics when photo-excitation occurs at the 2H phase region of
aforementioned 2H-1T heterophase structure by using real-time time dependent density functional 
theory (rt-TDDFT). To decrease the calculating cost for rt-TDDFT calculation, we truncated the 2H-1T 
heterophase structure in half along the y-axis, so the calculated structure is consisting on the 1x6x1 2H
phase and 1x6x1 1T phase. As depicted in the Figure 3, we excite an electron pair from the valance 
band maximum (VBM) to the conduction band minimum (CBM). 
As the schematic configuration in Figure-4(a), the excited electron pair at the 2H phase region is 
transferred to 1T phase region by passing through the 7-fold CN boundary. Thus, we integrated the 
charge density at the only 1T phase region by using the following equation,
            ( ) = ∫  ( ,  )  
          
         
,
and the transferred charge versus time is plotted in Figure-4(b). The charge density at 1T phase region 
is increased because the excited charge flows into the 1T phase region via 7-fold CN boundary. As time 
goes by, the amount of transferred charge has been increased until the excited carrier reaching to the 5-
fold CN boundary. After the excited electron passing the 5-fold CN boundary, the amount of transferred 
charge starts to be decreased. Thus, the retention time for the excited charge staying in the 1T phase 
region is determined by the size of 1T phase region. For the calculated structure, the 0.4 electrons 
transferred to 1x6x1 1T phase region, therefore, the  0.067                      
   is transferred 
from 2H phase region to 1T phase region when the electron pair is excited from the 2H phase VBM.
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3.3Application for oxygen reduction reaction
Aforementioned phenomena represent that the 1T phase region is instantaneously charged when the 
exciton is generated at the 2H phase region. The charged surface can be utilized for various fields, and 
the application as the catalyst for oxygen reduction reaction (ORR) is one of them. Several researches 
have been reported that the charged system or electron applied system such as nitrogen doped graphene 
or Cabrera-Mott model insulator improve the ORR properties.13,14 We have studied the ORR properties
of the charged 1T phase based on these researches by using DFT calculation.
As described schematic configuration in Figure-5, we calculated the binding energy of oxygen 
molecule on the 3x3x1 rectangular 1T phase supercell. The oxygen molecule is dissociated and 
adsorbed on the sulfur atom of 1T phase MoS2, and the binding energy is 0.723eV by following 
equation,
         =
 
 
          − {      +    } .
The oxygen molecule should be dissociative adsorbed on the 1T phase MoS2 thermodynamically, 
however that phenomena does not be happened in real. Thus, we calculated the activation energy for 
dissociative adsorption (      ) by using the nudged elastic band (NEB) method as implemented with 
the VASP code, and considered the kinetical component based on the Arrhenius type reaction rate. 
As depicted in Figure-6, the        on the basal 1T phase is about 2.5eV, and it is extremely high 
barrier comparing with Boltzmann factor at room temperature, about 0.026eV. However,         is 
decreased dramatically when the ORR system is charged. Especially, the        is decreased to 0.05eV 
when 0.067                      
   , the result of our rt-TDDFT calculation, is charged at the 1T 
phase.
Also, we calculated the Bader charge analysis to study the reason why          is dramatically 
decreased as the additional charge. As the Table-1 shown, the charge at molybdenum atom is not 
changed when the excess charge is injected. The charge at sulfur atom, however, is increased as same 
amount of the excess charge. The charge at molybdenum atom is still not changed when oxygen 
molecule is adsorbed while the charge at sulfur atom is decreased. That is, the excess charge deposits 
in only sulfur atom, the outer layer of MoS2, and that charge transfers to oxygen molecule for 
dissociative adsorption. Therefore, the electron affinity of oxygen molecule helps to decrease       
by being dragged to the charged surface of MoS2.
Herein, we utilize the dissociative adsorbed oxygen molecule on the 1T phase MoS2 as following steps 
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for 4-electron the ORR mechanism. 
O  + 4H
  + 4   → 2O∗ + 4H  +   
2O∗ + 4H  + 4e  → O∗ +HO∗ + 3H  + 3e 
O∗ + HO∗ + 3H  + 3e  → O∗ +H O + 2H
  + 2e 
O∗ + H O+ 2H
  + 2e  → HO∗ + H O+ H
  + e 
HO∗ +H O + H
  + e  → 2H O
Based on the standard hydrogen electrode, the potential for oxygen molecule reduction, O  + 4H
  →
2H O, is 1.23V when the potential for protonation of hydrogen molecule is 0V. In the Figure-7, the 
free-energy diagram by calculating the potentials for each electron transfer step based on the free-energy 
calculation method of Norskov et al. shows that the potential profile has downhill until overpotential, 
μ, is 0.54V, and after that the potential profile has uphill.15 That is, the current has not been changed 
until the bias potential reaching from 0V to 0.54V. But after the μ over the 0.54V, the current is 
decreased because of uphill at the free-energy diagram following the Butler-Volmer equation,
   =    
(      ).   
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4. Conclusion
The 2H-1T heterophase can has two-type boundaries as the CN of transition metal at the 
boundary. The CN of transition metal can influence in the geometric and electronic structure 
of that heterophase, and it decides the direction of electron transfer from 2H phase to 1T phase.
The amount of transferred electron is 0.067                      
  and it’s enough to attract 
oxygen molecule onto the 1T phase of MoS2 with extremely decreased adsorption activation 
energy. The dissociative adsorption of oxygen molecule is rate determine step (RDS) for ORR 
mechanism, and this photovoltaic effect at 2H phase of MoS2 supports to improve the ORR 
properties on the 1T phase of MoS2. Our results of free-energy diagram shows that the 
maximum overpotential where the proton transfer step is down-hill in energy is 0.54V. 
Experimentally, the ORR property, especially i-v curve data, on Pt (100) surface shows similar 
result with ours.16 From our simulation results, the electron transfer from 2H, the 
semiconductor phase, to 1T, the metallic phase, by photovoltaic effect can improve the ORR 
property and it be utilized as the photo-catalyst for ORR. 
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91. Introduction
Low-dimensional materials, especially transition metal dichalcogenide (TMD), have attracted 
significant interest these days. The composition of TMD materials is MX2, where M is transition metal 
such as Mo and X is chalcogenide molecule such as S. The TMD materials can have two different
phases, 2H and 1T, as the stacking positions of chalcogenide molecules. 2H and 1T phase of TMD have 
trigonal prismatic point group symmetry (D3h) and octahedral point group symmetry (Oh), respectively. 
Because of these differences of symmetry and the d-orbital splitting of transition metal, TMD materials 
can show various physical properties such as semiconductor, metal, paramagnetic, antiferromagnetic, 
and so on.1,2
Monolayer MoS2, one of TMD materials, also shows different physical features as the phases. The 2H 
phase of MoS2 is a semiconductor with direct band gap about 2.4 eV, and the 1T phase of MoS2 has 
meta-stable metallic phase. The 2H phase of MoS2 has been studied as a hydrogen evolution reaction 
(HER) catalyst because of its photovoltaic and photo-catalytic features.3 On the other hand, the 1T phase 
of MoS2 has been investigated in the perspective of nanoscale electronic device, such as ultrathin 
transistor and supercapacitor electrode component.4,5,6
When one electron is injected into the 2H phase of MoS2, the occupation of E’ state of D3h point group 
is increased. This change of occupation is energetically unstable comparing with the half-filled T2g level 
of Oh point group. Thus, the phase transition from the 2H phase to 1T phase can occur. Experimentally, 
Yimin Kang et al. have investigated the phase transition by using the plasmonic hot electron from the 
deposited Ag nanoparticle on the MoS2 monolayer.7 Also, M. A. Py et al. have studied the lithium 
intercalation method in layered MoS2 and its phase transition.8 Goki Eda et al. have observed the 
structure of mixed phase of MoS2 by measuring adsorption spectra during lithium intercalation process.9
They observed the 2H-1T heterophase structure by using high resolution scanning transmission electron
microscopy (HR-STEM), and Yung-Chang Lin et al. have investigated the atomic mechanism of this 
phase transition phenomena.10,11 Theoretically, Xiaoyan Guo et al. have calculated the electronic 
properties, especially density of state, of the interface of MoS2 2H-1T heterophase.12 However, the detail 
researches about 2H-1T heterophase such as boundary structure, electron dynamics, and electron 
transfer between 2H and 1T phase are still unclear.
In this study, we investigated geometric and electronic structure of the MoS2 heterophase. We found 
that two different types of phase boundary lead to difference in the band alignments at MoS2 phase 
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boundaries. As a consequence, the excited electrons in the 2H phase region are transferred and 
accumulated in the 1T phase region, leading to the charging of the 1T phase region. We performed the 
real-time time dependent density functional theory (rt-TDDFT) calculation for this electron dynamics. 
We found that, as the 1T phase is charged, the activation barrier of dissociative adsorption of oxygen 
molecule on the planar surface of 1T phase is decreased. In the acidic condition, the oxygen reduction 
reaction (ORR) energy profile on the charged 1T phase region shows similar electrochemical properties 
with that on the platinum (100) surface. We suggest that the MoS2 heterophase can serve as the novel 
low-dimensional ORR photo-catalyst. 
11
2. Computation Details
A. Electronic and geometric structure
To perform the first-principle calculations, we used the Vienna Ab initio Simulation Package 
(VASP) source code. For the exchange-correlation potential, a plane-wave basis set with an 
energy cutoff of 450 eV and the Perdew-Burke-Ernzerhof (PBE) type gradient-correlated 
functional were employed. The atomic pseudopotentials were described with the Projector 
Augmented Wave (PAW) method, as provided with the aforementioned package. The 
heterophase structure was composed with 1x12 rectangular cell of 2H phase and that of 1T 
phase. The x-direction lattice mismatch between 2H and 1T phase was 0.2%, thus we attached 
the two rectangular cells along the y-direction. The k-point grids for the heterophase structure 
were sampled 1x20x1 by using the scheme of the Monkhorst-Pack.
B. Activation energy
The 4x4 1T phase hexagonal supercell with 3x3x1 k-point grids sampling by using the same 
scheme was employed to investigate the activation barrier of dissociative adsorption of oxygen 
molecule as the charge accumulation in 1T phase. The nudged elastic band (NEB) method was 
used to calculate the activation barriers. 
C. Oxygen reduction reaction
We assume that H+ + e- is in equilibrium with 
 
 
H2, at pH 0 and 0V versus the standard hydrogen 
electrode (SHE). The free energy of water in the liquid phase was estimated as,
    ( ) =     ( ) +    ln(
 
  
)
Where R is the gas constant, T=300K, p=0.035 bar, and p0=1bar. The free energy of the H+ ion 
was derived as
   (  ) =
1
2
   ( ) −    ln 10 × pH
In the acidic condition, O2 is reduced as O2 + 4H+ + 4e- → 2H2O, where the elementary reaction 
steps on the catalytic surface are
1. O ( ) + 4H
 (  ) + 4   + 2 ∗ → 2O∗ + 4H (  ) + 4  
2. 2O∗ + 4H (  ) + 4   → O∗ +OH∗ + 3H (  ) + 3  
3. O∗ +OH∗ + 3H (  ) + 3   → O∗ +H O( ) + 2H
 (  ) + 2  
4. O∗ +H O( ) + 2H
 (  ) + 2   → OH∗ +H O( ) + H
 (  ) +   
5. OH∗ +H O(l) + H
 (  ) +    → 2H O( )
Where * denotes the free surface, and H2O(l) indicates liquid water. 
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3. Result
3.1 Geometric & Electronic Structure
The super-cell what we calculated is consisting of 1x12x1 rectangular cell of 2H and 1T structures. 
We arranged the rectangular 2H and 1T phase along the y-axis like Figure-1(a), and the lattice mismatch 
between 2H and 1T phase is 0.42%. The Oh point group, Mo point group of 1T phase, has inversion 
symmetry while D3h point group, Mo point group of 2H phase, does not. For that reason, there are two 
different types of boundary, 5-fold and 7-fold coordination number (CN) of transition metal, when the 
2H-1T heterophase is formed. Geometrically, the steric effect of 7-fold CN of transition metal is 
increased because the basal CN of transition metal of TMD materials is 6-fold. In Figure-1(b), therefore, 
the 7-fold CN boundary has ripple while 5-fold CN boundary is flat.
This change of geometry influences in the electronic structures of the boundaries. When the CN of 
transition metal is increased from 6-fold to 7-fold, the added chalcogen atom, sulfur for MoS2 case, 
increases the oxidation number of transition metal. Thus, the transition metal at the 7-fold CN boundary 
has more state above the fermi level. On the other hand, the transition metal at the 5-fold CN boundary 
has less state above the fermi level because the oxidation number of 5-fold CN of transition metal is 
decreased. For that reason, the electron can be transferred from 7-fold CN boundary to 5-fold CN 
boundary. 
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3.2Excited electron dynamics
We calculated the electron dynamics when photo-excitation occurs at the 2H phase region of
aforementioned 2H-1T heterophase structure by using real-time time dependent density functional 
theory (rt-TDDFT). To decrease the calculating cost for rt-TDDFT calculation, we truncated the 2H-1T 
heterophase structure in half along the y-axis, so the calculated structure is consisting on the 1x6x1 2H
phase and 1x6x1 1T phase. As depicted in the Figure 3, we excite an electron pair from the valance 
band maximum (VBM) to the conduction band minimum (CBM). 
As the schematic configuration in Figure-4(a), the excited electron pair at the 2H phase region is 
transferred to 1T phase region by passing through the 7-fold CN boundary. Thus, we integrated the 
charge density at the only 1T phase region by using the following equation,
            ( ) = ∫  ( ,  )  
          
         
,
and the transferred charge versus time is plotted in Figure-4(b). The charge density at 1T phase region 
is increased because the excited charge flows into the 1T phase region via 7-fold CN boundary. As time 
goes by, the amount of transferred charge has been increased until the excited carrier reaching to the 5-
fold CN boundary. After the excited electron passing the 5-fold CN boundary, the amount of transferred 
charge starts to be decreased. Thus, the retention time for the excited charge staying in the 1T phase 
region is determined by the size of 1T phase region. For the calculated structure, the 0.4 electrons 
transferred to 1x6x1 1T phase region, therefore, the  0.067                      
   is transferred 
from 2H phase region to 1T phase region when the electron pair is excited from the 2H phase VBM.
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3.3Application for oxygen reduction reaction
Aforementioned phenomena represent that the 1T phase region is instantaneously charged when the 
exciton is generated at the 2H phase region. The charged surface can be utilized for various fields, and 
the application as the catalyst for oxygen reduction reaction (ORR) is one of them. Several researches 
have been reported that the charged system or electron applied system such as nitrogen doped graphene 
or Cabrera-Mott model insulator improve the ORR properties.13,14 We have studied the ORR properties
of the charged 1T phase based on these researches by using DFT calculation.
As described schematic configuration in Figure-5, we calculated the binding energy of oxygen 
molecule on the 3x3x1 rectangular 1T phase supercell. The oxygen molecule is dissociated and 
adsorbed on the sulfur atom of 1T phase MoS2, and the binding energy is 0.723eV by following 
equation,
         =
 
 
          − {      +    } .
The oxygen molecule should be dissociative adsorbed on the 1T phase MoS2 thermodynamically, 
however that phenomena does not be happened in real. Thus, we calculated the activation energy for 
dissociative adsorption (      ) by using the nudged elastic band (NEB) method as implemented with 
the VASP code, and considered the kinetical component based on the Arrhenius type reaction rate. 
As depicted in Figure-6, the        on the basal 1T phase is about 2.5eV, and it is extremely high 
barrier comparing with Boltzmann factor at room temperature, about 0.026eV. However,         is 
decreased dramatically when the ORR system is charged. Especially, the        is decreased to 0.05eV 
when 0.067                      
   , the result of our rt-TDDFT calculation, is charged at the 1T 
phase.
Also, we calculated the Bader charge analysis to study the reason why          is dramatically 
decreased as the additional charge. As the Table-1 shown, the charge at molybdenum atom is not 
changed when the excess charge is injected. The charge at sulfur atom, however, is increased as same 
amount of the excess charge. The charge at molybdenum atom is still not changed when oxygen 
molecule is adsorbed while the charge at sulfur atom is decreased. That is, the excess charge deposits 
in only sulfur atom, the outer layer of MoS2, and that charge transfers to oxygen molecule for 
dissociative adsorption. Therefore, the electron affinity of oxygen molecule helps to decrease       
by being dragged to the charged surface of MoS2.
Herein, we utilize the dissociative adsorbed oxygen molecule on the 1T phase MoS2 as following steps 
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for 4-electron the ORR mechanism. 
O  + 4H
  + 4   → 2O∗ + 4H  +   
2O∗ + 4H  + 4e  → O∗ +HO∗ + 3H  + 3e 
O∗ + HO∗ + 3H  + 3e  → O∗ +H O + 2H
  + 2e 
O∗ + H O+ 2H
  + 2e  → HO∗ + H O+ H
  + e 
HO∗ +H O + H
  + e  → 2H O
Based on the standard hydrogen electrode, the potential for oxygen molecule reduction, O  + 4H
  →
2H O, is 1.23V when the potential for protonation of hydrogen molecule is 0V. In the Figure-7, the 
free-energy diagram by calculating the potentials for each electron transfer step based on the free-energy 
calculation method of Norskov et al. shows that the potential profile has downhill until overpotential, 
μ, is 0.54V, and after that the potential profile has uphill.15 That is, the current has not been changed 
until the bias potential reaching from 0V to 0.54V. But after the μ over the 0.54V, the current is 
decreased because of uphill at the free-energy diagram following the Butler-Volmer equation,
   =    
(      ).   
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4. Conclusion
The 2H-1T heterophase can has two-type boundaries as the CN of transition metal at the 
boundary. The CN of transition metal can influence in the geometric and electronic structure 
of that heterophase, and it decides the direction of electron transfer from 2H phase to 1T phase.
The amount of transferred electron is 0.067                      
  and it’s enough to attract 
oxygen molecule onto the 1T phase of MoS2 with extremely decreased adsorption activation 
energy. The dissociative adsorption of oxygen molecule is rate determine step (RDS) for ORR 
mechanism, and this photovoltaic effect at 2H phase of MoS2 supports to improve the ORR 
properties on the 1T phase of MoS2. Our results of free-energy diagram shows that the 
maximum overpotential where the proton transfer step is down-hill in energy is 0.54V. 
Experimentally, the ORR property, especially i-v curve data, on Pt (100) surface shows similar 
result with ours.16 From our simulation results, the electron transfer from 2H, the 
semiconductor phase, to 1T, the metallic phase, by photovoltaic effect can improve the ORR 
property and it be utilized as the photo-catalyst for ORR. 
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